Liver fat accumulation is proposed to link obesity and insulin resistance. To dissect the role of liver fat in the insulin resistance of diet-induced obesity, we altered liver fat using a choline-deficient diet. C57Bl/6 mice were fed a low-fat (10% of calories) or high-fat (45% of calories) diet for 8 weeks; during the final 4 weeks, diets were either choline deficient or choline supplemented. In choline replete animals, high-fat feeding induced weight gain, elevated liver triglycerides (171%), hyperinsulinemia, and glucose intolerance. Choline deficiency did not affect body or adipose depot weights but amplified liver fat accumulation with high-fat diet (281%, P < 0.01). However, choline deficiency lowered fasting plasma insulin (from 983 ؎ 175 to 433 ؎ 36 pmol/l, P < 0.01) and improved glucose tolerance on a high-fat diet. In mice on 30% fat diet, choline deficiency increased liver mRNA levels of the rate-limiting enzyme in phosphatidylcholine synthesis and of enzymes involved in free fatty acid esterification, without affecting those of de novo lipogenesis or fatty acid oxidation. We conclude that liver fat accumulation per se does not cause insulin resistance during high-fat feeding and that choline deficiency may shunt potentially toxic free fatty acids toward innocuous storage triglyceride in the liver. Diabetes
I
t has been proposed that the extent of "ectopic " fat accumulation in nonadipose tissues such as liver and muscle is a key determinant of insulin resistance in obesity. Nonalcoholic fatty liver disease is a common feature of obesity and is strongly associated with insulin resistance (1) (2) (3) (4) . In patients with and without type 2 diabetes, liver fat content is closely correlated with fasting insulin levels, insulin requirements, and hepatic insulin sensitivity, independent of obesity (5, 6) . In the absence of obesity, excessive hepatic fat accumulation in lipodystrophy syndromes is associated with severe insulin resistance (7) (8) (9) (10) . It is argued that the accumulation of fat within the liver causes hepatic insulin resistance (6, 11) and that peripheral insulin resistance and glucose intolerance then follow (12) (13) (14) . However, some investigators have postulated that liver fat accumulation is a result, rather than cause, of peripheral insulin resistance in obesity; elevated plasma concentrations of glucose and fatty acids may promote hepatic fatty acid and triglyceride uptake and synthesis and impair ␤-oxidation, leading to hepatic steatosis (2, 15) .
There are experimental paradigms in which liver fat accumulation may not be associated with insulin resistance. A methionine and choline-deficient diet (MCDD) in rodents impairs synthesis of phosphatidylcholine, which is an essential part of the outer phospholipid component of lipoproteins. This leads to reduced secretion of liver triglyceride as VLDL, resulting in accumulation of liver triglycerides (16) . Mice receiving a MCDD have lower fasting insulin and glucose levels and normal glucose tolerance, suggesting enhanced hepatic insulin sensitivity (17) . However, MCDD also causes significant weight loss (18) , and the relative influence of weight loss and liver fat accumulation has not been addressed. Moreover, in mice with steatohepatitis induced by MCDD, insulin receptor substrate phosphorylation in the liver was impaired, rather than enhanced, after a bolus of insulin administered into the portal vein (19) , possibly because the inflammatory signals associated with hepatitis might confound effects on insulin sensitivity. A choline-deficient diet (CDD) also reliably induces fatty liver in rodents in the absence of methionine deficiency, although the mechanisms are less clear and may differ from those in MCDD (20) . Unlike the MCDD model, fatty liver induced by a CDD is not associated with weight loss or significant steatohepatitis. The effects of a CDD on glucose/insulin homeostasis have not been explored.
We used a CDD in mice to manipulate liver fat content without affecting adipose fat stores to dissect the role of liver fat accumulation in the insulin resistance and glucose intolerance of diet-induced obesity.
fed a high-fat diet (45% calories as fat; Research Diets, New Brunswick, NJ; Table 1 ) for 8 weeks. During the last 4 weeks, one-half the animals in each group (n ϭ 6) received a CDD, whereas the other half (n ϭ 6) received a diet supplemented with choline. Animals were weighed, and food intake per cage was measured each day. After 7 weeks of the low-or high-fat diets (i.e., after 3 weeks of the CDD and choline-supplemented diet), an intraperitoneal glucose tolerance test was performed after an overnight fast. After 8 weeks, animals were killed by decapitation between 0900 and 1100 after ad lib feeding overnight. Trunk blood was obtained, organs were weighed, and liver was snap-frozen on dry ice. The following adipose tissue depots were dissected by the same investigator: 1) epididymal, 2) inguinal subcutaneous, and 3) intra-abdominal, comprising retroperitoneal (by first separating the perirenal fat and then dissecting the retroperitoneal pad en bloc) and mesenteric (by cutting the intestine below the duodenal-jejunum junction and stripping the fat by gently pulling the intestinal loops apart).
A second experiment was designed to examine changes in hepatic gene expression induced by choline deficiency. Mice were allocated (n ϭ 6 per group) to receive either a CDD as described and standardized by Lombardi (Dyets, Bethlehem, PA) or an isocaloric choline supplemented diet (Table 1) for 3 weeks. Both diets contained 30% calories as fat. Daily body weights and food intake per cage were recorded. After 3 weeks, animals were killed by decapitation between 0900 and 1100 after ad lib feeding overnight. Trunk blood was obtained, organs were weighed, and liver was snap-frozen on dry ice for subsequent analyses. Intraperitoneal glucose tolerance test. Mice were fasted overnight and then injected intraperitoneally with 2 mg/g D-glucose (25% [w/v] stock solution in saline). Blood samples were taken by tail nicking into EDTA microtubes (Sarstedt, Leicester, U.K.) at 0 (before injection and within 1 min of disturbing the cage) and at 15-, 30-, 60-, and 90-min intervals after the glucose bolus. Insulin resistance and glucose tolerance were assessed by fasting plasma insulin and glucose and the area under the glucose curve (AUCgl) after the intraperitoneal glucose tolerance test. Ex vivo assays Plasma assays. Glucose concentrations were determined using a hexokinase assay (ThermoTrace, Noble Park, Australia), insulin was measured with an ultra-sensitive mouse ELISA kit (CrystalChem, Chicago, IL), triglycerides were measured enzymatically with the Infinity triglycerides liquid stable reagent (ThermoTrace), and plasma free fatty acids (FFAs) were measured with the Wako NEFA C Test kit (Wako Pure Chemicals, Osaka, Japan). Liver triglyceride. For quantitative analysis, two 100-mg fragments from the tip of the right lobe of the liver were homogenized in 20 volumes of propan-2-ol (VWR International, Lutterworth, U.K.), then shaken in an orbital shaker for 45 min, and centrifuged at 3,000 ϫ g for 10 min, and the supernatant was assayed for triglyceride using a commercial triglyceride kit (ThermoTrace). Quantitative real-time PCR. Liver (ϳ50 mg) was homogenized in 1 ml TRIzol (Life Technologies, Gaithersburg, MD), and total RNA was extracted following the manufacturer's protocol. RNA was quantified using spectrophotometric analysis at OD 260 . RNA integrity was checked by agarose gel electrophoresis. Oligo(deoxythymidine)-primed cDNA was synthesized from 0.5-g RNA samples using the Promega Reverse Transcription System (Promega, Southampton, Hants, U.K.). Using the ABI PRISM 7900 Sequence Detection System (PE Applied Biosystems, Cheshire, U.K.), transcript level quantification was performed with commercially available real-time PCR primer-probe sets (Taqman Assays-on-Demand Gene Expression Products; Applied Biosystems) for CTP:phosphocholine cytidylyltransferase-␣ (Pcyt1a, assay ID Mm0044774_m1), acyl-CoA synthetase long chain 1 (Acsl1, assay ID Mm00484217_m1), Acsl4 (assay ID Mm00490331_m1), Acsl5 (assay ID Mm01261100_m1), mitochondrial glycerol phosphate acyltransferase (mGpat, assay ID Mm00833328_m1), lysophosphatidic acid acyltransferase 1 (Agpat1, assay ID Mm00479700_m1), Agpat2 (assay ID Mm00458880_m1), diacylglycerol (DAG) O-acyltransferase 1 (Dgat1, assay ID Mm00515643_m1), Dgat2 (assay ID Mm00499530), peroxisome proliferator-activated receptor-␣ (assay ID Mm00440939), carnitine palmitoyl transferase 1a (Cpt1a, assay ID Mm00550438_m1), sterol regulatory element-binding protein-1c (SREBP-1c; assay ID Mm00550338_m1), acetyl-CoA carboxylase 1 (assay ID Mm01304289_m1), fatty acid synthase (assay ID Mm00662319_m1), and PEPCK (assay ID Mm00440636_m1). Cyclophyllin A was used as the endogenous reference control for all transcripts. The relative amount of mRNA was determined from standard curves generated for both the target and endogenous reference using serial dilutions of cDNA. Statistics. Data are expressed as means Ϯ SE. Groups were compared using unpaired Student's t tests or two way ANOVA with factors of dietary fat (high or low) and dietary choline (supplemented or CDD) with post hoc Tukey's multiple comparisons tests.
RESULTS
Effect of choline deficiency on high-fat diet-induced obesity, fatty liver, insulin sensitivity, glucose tolerance, and serum lipids. Among choline-supplemented animals, the high-fat diet induced gains in body weight ( Fig. 1) , adipose tissue depot weights, and liver triglyceride content (Table 2 ) compared with the low-fat diet. The CDD did not influence body weight (Fig. 1) or adipose tissue depot sizes (Table 2) . However, a CDD increased liver triglyceride content in animals on both low-and high-fat diets (Table 2) .
Among choline-supplemented animals, high-fat feeding induced insulin resistance and glucose intolerance, with an elevation in fasting plasma glucose and insulin levels and elevated plasma glucose during the intraperitoneal glucose tolerance test (Fig. 2) . These effects of high-fat feeding were substantially attenuated in animals receiving a CDD, despite similar obesity and fatty liver accumulation. Animals on the choline-deficient high-fat diet had lower fasting insulin and lower plasma glucose during the intraperitoneal glucose tolerance test. Fasting glucose showed trends toward improvement that did not reach statistical significance (Table 2 ). There were no statistically significant changes in serum triglyceride with high-fat diet or CDD in fed or fasted state. High-fat diet increased fasting plasma FFAs, but there was no significant effect of a CDD ( Table 2) . Effect of CDD on hepatic mRNA levels. Effects of CDD on hepatic gene expression in mice receiving a moderate fat diet and the roles of the various genes in lipid metabolism are shown in Fig. 3 . Choline deficiency caused a significant increase in hepatic expression of Pcyt1a mRNA, the rate-limiting enzyme of phosphatidylcholine synthesis, and of the mRNA levels of enzymes proximal to Pcyt1a in phosphatidylcholine synthesis and common to triglyceride synthesis, including Acsl1 and Acsl4, mGpat, and Agpat1. Choline deficiency also increased mRNA levels of Dgat2 (but not Dgat1), an enzyme responsible for the final esterification step of DAG to triacylglycerol. In contrast, mRNA for enzymes that regulate de novo lipogenesis (fatty acid synthase and acetyl-CoA carboxylase) and access of fatty acids to mitochondrial oxidation (Acsl5 and Cpt1a) were unchanged by choline deficiency, as were transcription factors (peroxisome proliferator-activated receptor-␣ and SREBP-1c) that regulate expression of these genes. mRNA levels of PEPCK, the rate-limiting enzyme of gluconeogenesis, were reduced by one-half in animals on a CDD.
DISCUSSION
We have shown that a CDD increases liver fat content without affecting body weight or peripheral fat pad weight in mice. However, on a low-fat diet, this fatty liver accumulation was not associated with insulin resistance or glucose intolerance. Moreover, although CDD amplified the liver fat accumulation induced by a high-fat diet, it improved both insulin sensitivity (lowering fasting insulin and reducing hepatic PEPCK mRNA levels) and glucose tolerance. These data suggest that hepatic fat accumulation per se does not cause insulin resistance in dietinduced obesity. We have explored the mechanism of the insulin-sensitizing effect of CDD. Unlike the methionine CDD, the insulin-sensitizing effect of CDD could not be attributed to weight loss. Nor were there changes in serum fats to suggest alterations in FFA flux from peripheral tissues. However, within the liver, we show that a CDD results in increased mRNA levels of the rate-limiting enzyme of phosphatidylcholine synthesis and of enzymes involved in FFA esterification to triglyceride. This occurs without changes in expression of enzymes involved in de novo lipogenesis or fatty acid oxidation and without changes in the major transcription factors that regulate these processes. These data suggest that the insulin- sensitizing effects of a CDD may result from shunting of FFA into metabolically innocuous triglyceride stores. Choline is required for synthesis of phosphatidylcholine, an essential part of VLDL. In liver, phosphatidylcholine is synthesized through two routes: 1) the CDP-choline pathway, for which the rate-limiting enzyme is Pcyt1a and the substrate is dietary choline; and 2) methylation of phosphatidylethanolamine catalyzed by phosphatidylethanolamine N-methyltransferase, which requires dietary methionine. MCDDs or CDDs reliably induce a fatty liver in animals. However, the mechanisms operating in MCDD and CDD may differ. MCDD-fed animals accumulate fat in the central, perivenous zone of the liver (zone 3) (21), whereas animals on CDD first accumulate fat in the periportal zone (zone 1) before it spills over into the other areas (22) . Deficiency of both methionine and choline impairs hepatocyte secretion of VLDL both in vivo and in vitro (16) . However, choline deficiency alone is associated with compensatory upregulation of Pcyt1a activity and phosphatidylethanolamine N-methyltransferase expression and activity (20, 23, 24) , such that phosphatidylcholine supplies are only slightly reduced and VLDL secretion is not impaired in mice (20) . Here, we show that mRNA levels of Pcyt1a are increased by CDD and that fasting serum triglyceride levels are not significantly reduced by CDD in mice. Although VLDL secretion was not quantified, there is a close correlation of fasting triglyceride and VLDL levels so that our data accord with previous studies suggesting that CDD increases Pcyt1a activity sufficiently to maintain VLDL secretion (23, 24) .
If reduced VLDL excretion is not the basis for fatty liver in CDD, then what is its mechanism? The pathways of fatty acid synthesis, oxidation, and esterification are reviewed in Fig. 3A . We show that CDD increases the mRNA levels of enzymes predominantly involved in triglyceride synthesis without affecting transcripts of enzymes involved in FFA synthesis or FFA oxidation. Acsl1, -4, and -5 are the predominant isoforms in the liver (25) ; it has been suggested that Acsl1 and -4 favor entry of fatty acids into synthetic pathways, whereas Acsl5 favors fatty acid oxidation (26) . The increased mRNA levels of Acsl1 and -4 but not Acsl5 with CDD are therefore consistent with enhanced triglyceride storage and reduced oxidation. Mitochondrial Gpat is one of at least three Gpat isoforms present in the liver (27) . Although it is expressed on the mitochondrial surface, expression of mGpat has been shown to lead to triglyceride synthesis, which might be explained by mGpat competing with CPT1a for Acyl CoA on the mitochondrial surface (28) . Again, increased mGpat mRNA with CDD is consistent with enhanced triglyceride synthesis. As shown in Fig. 3A , increased Agpat expression with CDD is also consistent with enhanced triglyceride synthesis, although the significance of an increase of only Agpat1 and not Agpat2 mRNA is not known. Yamazaki et al. (29) showed that Dgat1 and Dgat2 overexpression led to different liver phenotypes, with Dgat2 overexpression leading to increased triglyceride synthesis in the liver but without increased VLDL secretion and with Dgat1 overexpression increasing VLDL secretion. The selective increase in Dgat2 mRNA with CDD is therefore consistent with fatty liver accumulation.
These pathways of phosphatidylcholine and triglyceride synthesis are inter-related, because DAG is common to both (Fig. 3A) . Furthermore, enzymes for both pathways are subject to common transcriptional regulation, for example by the lipogenic transcriptional factor SREBP, which upregulates both mGpat and Pcyt1a (30 -33) . It may be that activation of DAG synthesis is a compensatory mechanism, acting together with upregulation of Pcyt1a expression, to preserve phosphatidylcholine synthesis during dietary choline deficiency. However, in extreme circumstances, accumulated DAG is directed toward triglyceride synthesis in the presence of limited amounts of CDP-choline (34) .
These changes in fatty acid metabolism predict increased intrahepatic triglyceride stores but in the presence of lower intracellular FFA levels. This combination contrasts with the elevated intracellular FFA levels that are thought to occur in fatty liver in obesity and provides a plausible explanation for the insulin-sensitizing effect of CDD. In obesity, increased concentrations of FFA in hepatocytes result from increased de novo lipogenesis, decreased ␤-oxidation, and increased flux of FFAs from the diet and adipose tissue. Elevated FFAs are thought to lead to hepatic insulin resistance because, among other mechanisms, fatty acid metabolites such as fatty acyl CoAs or ceramides may indirectly promote phosphorylation of serine/threonine sites on insulin receptor substrates and impair insulin-induced activation of phosphatidylinositol 3-kinase (35, 36) . Enhancing the removal of FFAs by their esterification into triglycerides may reduce their negative impact on insulin sensitivity. For example, Listenberger et al. (37) reported that accumulation of excess fatty acids in cellular triglyceride in CHO cells protects against lipotoxicity (measured by the propensity of fatty acids to cause apoptosis), whereas impaired synthesis of triglyceride in cells from Dgat1-null mice leads to lipotoxicity. Benefits of enhanced triglyceride storage on insulin sensitivity have also been demonstrated in myocytes (38) . Similarly, it has been suggested that differences in hepatic lipogenesis underlie the resistance of C57Bl/6J-ob/ob mice to diabetes by comparison with BTBR-ob/ob mice (39) . Future studies will be required to define changes in hepatic flux of lipid metabolites induced by a CDD.
These observations raise the possibility that novel therapies to enhance insulin sensitivity in obesity might be based on enhancing triglyceride storage or altering hepatic FFA metabolism. However, although a reduction in FFA concentrations by CDD may explain enhanced insulin sensitivity, the associated increase in triglyceride stores may not be entirely innocuous. The fatty liver of a CDD, unlike that of a MCDD, does not lead to marked hepatitis or cirrhosis but does lead to the development of hepatocellular carcinoma (21, 40) . In obesity, optimal therapy is most likely to be addressed to reducing the increased FFA flux to the liver from peripheral adipose tissue.
